In this study, we investigated: (1) the effect of fear on interval timing-time perception in the seconds-tominutes range-and (2) the role of the insular cortex in the modulation of this effect. Rats were first trained on a temporal bisection task in which their response to a lever A was reinforced following a 2.00-s tone, whereas their response to a lever B was reinforced following an 8.00-s tone. After acquisition, the rats were also presented with intermediate-duration tones and pressed one of two levers to indicate whether tone duration was closer to 2.00 or 8.00s. Subsequently, the rats underwent differential fear conditioning in which one pitch tone (conditioned stimulus; CS+) was paired with an electric foot shock, while the other pitch tone (CS−) was presented alone. Either artificial cerebrospinal fluid (aCSF) or the GABA A agonist muscimol was then infused into the rats' bilateral insular cortex before the animals were tested on the bisection task using the CS+and CS− tones. We found that in the rats infused with aCSF, the point of subjective equality (PSE) of the CS+ was higher than that for CS−, suggesting that the duration for CS+ was perceived to be shorter than that of CS−. However, muscimol eliminated the difference in PSE between CS+ and CS− by generalizing of the effect from CS+to the CS−. Taken together, our results show that normal activity in the insular cortex is involved in fear-induced modulation of interval timing.
Introduction
Time is a fundamental dimension underlying the mammalian behavior. Interval timing-time perception in the seconds-to-minutes range [1] -has been shown to be modulated by several factors, including emotion, in both humans and animals (especially in rats). Although most studies in humans reported fear-induced overestimation of time [e.g., [2] [3] [4] [5] [6] [7] , a recent study reported fear-induced underestimation of time [8] . Moreover, the results from a number of studies in rats have been inconsistent. Several studies showed that a fear-conditioned stimulus (CS) increased the peak time during a peak interval procedure [9] [10] [11] , suggesting underestimation of time. However, one study showed that a fear-CS flattened the slope of the psychophysical function, suggesting impaired of the sensitivity of interval timing using a temporal bisection task [12] . More experimental data from experiments in rats thus need to be accumulated in order to solver this discrepancy.
The amygdala and the prelimbic cortex have been shown to mediate the effects of fear on interval timing [13] . The amygdala is known to be involved in various aspects of fear-related behavior, including the acquisition and expression of fear conditioning [e.g., [14] [15] [16] [17] [18] [19] . Moreover, lesioning or inactivation of the amygdala also suppressed the fear-CSinduced increase of peak time in a peak interval procedure [10] . Therefore, it has been suggested that the amygdala is important for fear modulation of interval timing. In contrast, Matthews et al. [11] demonstrated that the infusion of norepinephrine and the dopamine reuptake inhibitor nomifensine into the bilateral prelimbic cortex decreased the fear-CS-induced increase of peak time in a peak interval procedure. This result suggests that the prelimbic cortex participates in the effect of fear on interval timing.
Although the involvement of other brain structures is unclear, it is plausible that the insular cortex also participates in the effect of fear on interval timing. Previous studies have reported that the insular cortex mediates some aspects of fear conditioning [20, 21] . Functional magnetic resonance imaging (fMRI) studies with humans also revealed that both the amygdala and the insular cortex contribute to the effect of fear on interval timing [22, 23] . Moreover, a strong reciprocal connection was found between the amygdala and the insular cortex [24] . The findings of these reports suggest that the insular cortex is involved in the effect of fear on interval timing; however, the causal role of the insular cortex in this effect has never been investigated. Therefore, in this study, we investigated the role of the insular cortex in fear-induced modulation of performance during a temporal bisection task. In this task [25] , rats are first required to discriminate a short (e.g., 2.00 s) or long (e.g., 8 .00 s) to-be-timed tone (anchor stimulus). Pressing one of two levers is reinforced following a 2.00-s tone, whereas pressing the other lever is reinforced following an 8.00 s. After acquisition, tones of intermediate duration (e.g., 2.52, 3.18, 4.00, 5.04, and 6.35 s; probe stimulus) are also presented. Rats are then required to judge whether the duration of the probe stimulus is closer to that of the short (i.e., 2.00 s) or the long (i.e., 8.00 s) anchor stimulus, by pressing the corresponding levers. When the response rate to the lever that corresponds to the long duration (i.e., 8.00 s) is plotted as a function of stimulus duration, the function takes a sigmoidal shape. Using this function, the point of subjective equality (PSE) is calculated by estimating the stimulus duration value that corresponds to the response rate of the 8.00-s lever = 0.50. This value constitutes the index of the subjective length of time. Then, to investigate the effect of fear on interval timing, one frequency tone (CS+) is paired with an electric foot shock (unconditioned stimulus; US), while the other frequency tone is presented alone (CS−) (differential fear conditioning). Rats are then tested on the bisection task with CS+ and CS− as the to-be-timed stimuli (testing).
We tested the involvement of the insular cortex by infusing either artificial cerebrospinal fluid (aCSF) or the γ-aminobutyric acid (GABA) A agonist muscimol into the bilateral insular cortex of rats before conducting test to measure the effect of fear on interval timing. We hypothesized that (1) the PSE determined for CS+would be different from that for CS− in rats infused with aCSF and (2) the difference in PSE between the CS types would be eliminated in rats infused with muscimol.
Materials and methods

Subjects
Twenty-seven (24; three for the pilot study) naive Wistar albino male rats (10 weeks old at the beginning of the experiment; Shimizu Laboratory Supplies, Kyoto, Japan) were individually housed in stainless steel cages under a 12-h/12-h light-dark cycle (lights on at 8:00 a.m.) with water provided ad libitum. Rats were maintained at 85% of their ad libitum weight by providing growth-adjusted amounts of chow. All experimental sessions were conducted during the light phase. All procedures involving the treatment of animals were approved by the Animal Research Committee of Doshisha University.
Surgery
Once the rats completed the two-signal training (see Section 2.6.2.), a stainless-guide cannula (22 gauge; Plastics One, Roanoke, VA, USA) was implanted into the bilateral insular cortex. Briefly, rats were administered an injection of atropine [0.05%, 0.1 mL intraperitoneally (i.p.)] and were anesthetized with sodium pentobarbital (64.8 mg/kg i.p.). They were then placed into a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA), and guide cannulas fitted with dummy cannulas (28 gauge; Plastics One) were lowered into the bilateral insular cortex with the following stereotaxic coordinates: anteroposterior: +0.8 mm to the bregma; mediolateral: ± 4.2 mm; dorsoventral: −6.5 mm from the skull surface at an angle of 6° [26] . We were interested in the anterior region of the insular cortex, because anatomical tracing studies have shown that this part of the insular cortex is reciprocally connected to the amygdala [24, [27] [28] [29] [30] [31] . The cannulas were fixed using dental cement and three small screws. Rats were allowed to recover for ≥ 5 days after surgery.
Drug infusion
Drug infusion was performed immediately before the first (see Section 2.6.5.) and the second round of testing (see Section 2.6.6.). Muscimol (Tocris, Bristol, UK) was dissolved in artificial cerebral spinal fluid (aCSF; Tocris) to yield a concentration of 0.11 nmol/0.5 μL. Rats were infused with either aCSF or muscimol solution bilaterally via internal cannulas (28 gauge; Plastics One) attached to 100 μL Hamilton microsyringes at a rate of 0.25 μL/min using an infusion pump (ESP-32, Eicom, Kyoto, Japan) for 2 min. Cannulas were then maintained in place for an additional 1 min to allow drug diffusion from the cannula tip. Twenty minutes after the end of drug infusion, rats underwent the behavioral test session.
Histology
After completing all behavioral tests, the rats were deeply anesthetized with sodium pentobarbital (129.6 mg/kg i.p.) and intracardially perfused with saline followed by ALTFiX ® (FALMA, Tokyo, Japan). The brains were removed and sectioned in the coronal plane (40 μm thickness) using a cryostat (CM1850, Leica, Wetzlar, Germany). Sections were Nissl-stained with cresyl violet to assess the cannula tip locations.
Apparatus
Four identical standard operant chambers (context A; 190 mm × 210 mm × 190 mm) were enclosed in sound-attenuating boxes with a fan (65 dB), a speaker (80 dB), and a house light (25 W). Rats underwent pretraining and performed the temporal bisection task in context A. Each chamber had an aluminum front wall (all remaining walls were made of Plexiglas) and a stainless-steel grid floor. The front wall was equipped with two retractable levers (Model RRL-1, Muromachi, Tokyo, Japan). A 45 mg pellet (#F0021-J, Bioserv, Flemington, NJ, USA) was delivered via a pellet dispenser (ENV-203-45, Med-associates Inc., Fairfax, VT, USA) into a food cup that was equidistant from the two levers and 10 mm above the grid floor. Rats underwent differential fear conditioning in context B, which featured black side walls without lever insertions and a stainless-steel grid floor (80 mm × 200 mm × 20 mm), intended to deliver an electric foot shock, laid over the chamber floor of context A. Stimulus control and data collection were accomplished using custom-made software (Audio generator sequencer Version 2, Biomedica, Osaka, Japan).
Behavioral procedures
Pretraining
One magazine training session was conducted, in which 30 pellets were delivered every 30 s independently of the rat's behavior. Over the next 3 days, the rats were trained to press the levers under a continuous reinforcement schedule until each of the two levers delivered 30 reinforcements (total: 60 reinforcements). Each session began with the onset of the house light and ended with its termination.
Two-signal training
For half of the rats, a response on the left lever following a 2.00 s tone (1000 Hz) was reinforced and a response on the right lever following an 8.00 s tone was reinforced. For the remaining rats, the relationship between the duration and the levers was reversed. Each trial began with the insertion of the lever that was assigned as correct for the 2.00 s duration tone for each rat. After the rat responded to the lever, it was retracted and a 2.00 s or an 8.00 s tone was randomly presented. Following the tone's termination, two levers were simultaneously inserted and were immediately retracted after a lever response had occurred or 10s had passed, whichever came first. If a rat responded correctly, a food pellet was immediately delivered; if the rat responded incorrectly, no food pellet was delivered. After the lever retraction, an inter-trial interval (ITI) began (average duration: 40 s, range: 30-50 s). If an incorrect response was given or no response was given within 10 s (omission), a correction trial was initiated in which the tone was presented for the same duration. The first five sessions were conducted as 100% forced-choice trials (presentation of only the lever that was assigned as correct for the 2.00 s or 8.00 s duration tone, respectively), whereas all subsequent sessions were 100% free-choice trials (both levers were presented). A total of 80 trials were conducted (40 trials for each tone duration). The response lever side was recorded for each trial. Training continued until the discrimination accuracy for each duration was ≥85% for three consecutive sessions during the 100% free-choice sessions. All rats managed to meet this criterion for three consecutive sessions. Once the rats completed the two-signal training, surgery was performed to implant a stainless-guide cannula into the bilateral insular cortex (see Section 2.2.). After post-surgery recovery, the rats underwent three additional free-choice sessions of the two-signal training before starting the seven-signal training (see Section 2.6.3.).
Seven-signal training
The conditions of the two-signal training were maintained during the seven-signal training except that (1) (2) correction trials were not implemented after incorrect responses or omissions. These durations were selected to represent equal log-value increments. In each session, tones lasting for 2.00 s or 8.00 s were presented on 15 trials each, whereas tones of intermediate durations were presented on eight trials each. The order of tone duration was random. Rats did not receive reinforcement for any response on intermediate-duration trials, whereas a response to the correct lever following a 2.00 s or 8.00 s tone was reinforced as described for the two-signal training (see Section 2.6.2.). A total of six sessions comprising 70 trials were conducted. The response lever side and the response latency from lever insertion were recorded for each trial.
Differential fear conditioning
Rats were subjected to differential fear conditioning in context B. The CSs were 652-and 1633-Hz tones with durations equal to those experienced during the seven-signal training. These CS durations were shorter than those usually used in fear conditioning studies. However, it has been shown that the 2.00 s CS is sufficient to elicit a conditioned response (CR) [32] [33] [34] . Each rat was subjected to five pairings of a frequency tone (CS+) with an electric foot shock (0.5 s, 0.4 mA, n = 24 or 0.8 mA in the pilot study, n = 3; US) for each duration, whereas the other frequency tone (CS−) was presented alone, presented in random order for each duration. The tones were separated by random ITIs with an average duration of 40 s (range: 30-50 s). A total of 70 trials were conducted (35 trials per frequency). The CS + trials were accompanied by the US during the last 0.5 s of the tone. The relationship between the frequency of the tone and the US presentation was counterbalanced among the rats. Each rat underwent only one session of differential fear conditioning. Rat behavior was video-recorded.
Testing Ⅰ
The aim of the testing Ⅰ, conducted one day after differential conditioning, was to compare interval timing between the fear-CS (CS+) and the neutral stimulus (CS−). Before conducting the testing Ⅰ, rats were injected with aCSF or muscimol (aCSF n = 12, muscimol n = 11) (see Section 2.3.) This testing phase was identical to that in the sevensignal training, except that the to-be-timed stimuli were the CS− and CS+frequency tones used in the differential fear conditioning session. Therefore, any responses to intermediate duration tones were not reinforced. A 2.00 or 8.00-s duration tone was presented on eight trials each, while intermediate duration tones were presented on four trials each for each CS. There were a total of 72 trials in this phase, but only one testing session. The response lever side and the response latency from lever insertion were recorded for each trial.
2.6.6. Testing Ⅱ Seven days after completing testing Ⅰ, rats underwent an additional there sessions of the seven-signal training. Before conducting the second session of this phase, rats were injected with aCSF or muscimol (aCSF n = 12, muscimol n = 11) (see Section 2.3.), regardless of the drug they were injected with during testing Ⅰ. The response lever side and the response latency from lever insertion were recorded for each trial.
Data analysis 2.7.1. Freezing behavior during differential fear conditioning
We analyzed rat behavior during the last 8.00-s trial of the five trials for each CS. Two raters who were blind to the experimental conditions scored animal behavior during the last 7.5 s of the ITI before the presentation of the CS (preCS), and during the first 7.5 s of the CS for each CS. During these periods, animal behavior was categorized as "moving" or "not moving" (every 0.5 s). The score of "moving" behaviors was recorded. The scores of the two observers were averaged for each CS. We then calculated the suppression ratio using the following formula: CS / (preCS+CS). A value larger than 0.5 indicated that rat activity during the CS period was facilitated compared with the preCS period, while a value lower than 0.5 indicated that the activity was inhibited.
Temporal bisection task
For each rat, the proportion of responses to the lever that was assigned as correct for the 8.00-s ("long" response) at each signal duration was calculated by dividing the number of responses to the long lever at each signal duration by the total number of trials at each signal duration. We termed this proportion "p (long)". The omitted trials were excluded from the p (long) calculation. P (long) values were plotted as a function of signal duration (psychophysical function) and fitted to the following sigmoidal function using the KaleidaGraph ® software (Synergy Software version 3.4, Reading, PA, USA):
Here, a, b, c, and d are free parameters, x represents the signal duration, and parameters a and b are the maximum and minimum values of each fitted curve. The value of x, corresponding to p (long) = 0.5 or c, was defined as the PSE. This value was the index of the subjective length of time. In addition, the signal durations corresponding to p (long) = 0.75 and 0.25 were obtained. The differential limen (DL) was defined as half of the difference between these two duration values. This value was the index of the sensitivity of interval timing. During the seven-signal training, the p (long), PSE, and DL values were averaged over the last three sessions for each rat, respectively. Moreover, we calculated the percentage of omitted trials relative to the total 72 trials in testing Ⅰ. All values are expressed as mean ± standard error of the mean (SEM). The criterion for statistical significance was set at = 0.05.
Results
Histology
Fig . 1A shows the photomicrograph of the typical guide cannula track in a representative rat. Fig. 1B shows the tip locations of injection cannulas. Of initial 24 rats, one rat was excluded from the analysis, because one of the guide cannulas was implanted into the outside of the insular cortex in this animal. All other tips were identified in the insular cortex (n = 23). . The mean ± SEM PSEs of both groups were also similar (aCSF = 3.62 ± 0.13, muscimol = 3.77 ± 0.10), and an unpaired ttest revealed that there was no significant group difference [t (21) = 0.88, p = .388]. In addition, the mean ± SEM DLs of both groups were also similar (aCSF = 0.18 ± 0.03, muscimol = 0.20 ± 0.04), and an unpaired t-test revealed that there was no significant group difference [t (12) = 0.53, p = .599].
Differential fear conditioning
The scores of the two raters were positively correlated (r = .94). First, we compared the preCS values. In the aCSF group, the mean ± SEM preCS value of CS− was 5.00 ± 1.04, and that of CS+ was 5.17 ± 0.86. In the muscimol group, the mean ± SEM preCS value of CS− was 6.55 ± 1.10 and that of CS+ was 5.05 ± 0.59. A twoway ANOVA involving the between-subjects variable group (aCSF or muscimol) and the within- 
Testing Ⅰ
Preliminary analyses showed no effect of the frequency of CS+; therefore, all dependent variables in testing Ⅰ were collapsed across this factor. Table 1 shows the mean percent of omitted trials in both groups during testing Ⅰ. Omitted trials were hardly observed (< 1%). In addition, the percentage of omitted trials did not differ between CS types in both groups of rats. for each CS in both groups of rats. In the aCSF group, the mean ± SEM R 2 value of CS− was 0.981 ± 0.005 and that of CS+ was 0.989 ± 0.006. In the muscimol group, the mean ± SEM R 2 value CS− was 0.960 ± 0.017 and that of CS+ was 0.908 ± 0.020. Fig. 4 shows the mean p (long) values plotted as a function of signal duration during testing Ⅰ. The psychophysical function of CS+ shifted to the right relative to CS− in the aCSF group (left panel of Fig. 4) . A two-way Fig. 4) . A two-way ANOVA revealed no significant interaction [F (6, 60) = 0.39, p = .882]. Fig. 5A shows the mean PSEs for each CS in both groups. The mean ± SEM PSE of CS+ was larger than that of CS− in the aCSF group (CS+ = 4.13 ± 0.14, CS− = 3.66 ± 0.15). In contrast, the difference between CS types was not observed in the muscimol group (CS+= 4.46 ± 0.28, CS− = 4.43 ± 0.42). We then compared the PSE of CS+ with that of CS− in each group during testing a priori, because we were interested in the difference between CS types in each group. A paired t test with Holm's correction revealed that the PSE for CS+ was significantly larger than for CS− in the aCSF group [t (11) = 3.24, p = .007], but there was no difference between CS types in the muscimol group [t (10) = 0.42, p = .685].
The difference in PSE between the CSs of the PSE in the aCSF group rats could be interpreted as an upwards shift for the CS+, a downwards shift for the CS−, or both. In order to investigate this further, we calculated the percent change in the PSE for each CS relative to the last three sessions of the seven-signal training (baseline). The mean ± SEM percent change in PSE found for CS+ was larger than baseline, while that for CS− was not in the aCSF group (CS+ = 114.52 ± 3.16, CS− = 101.12 ± 2.30). One-sample t tests revealed that the percent change in the PSE for CS+ in the aCSF group represented an increase compared to baseline (100%) [t (11) = 4.59, p = .001], but this was not case for CS− [t (11) = 0.49, p = .637]. The difference between the PSEs in the aCSF group can therefore be interpreted as an increase of CS + relative to CS−. In contrast, the mean ± SEM percent change in PSE found for both CS+ and CS− was larger than baseline in the muscimol group (CS+ = 116.45 ± 3.77, CS− = 111.16 ± 4.35). One-sample t tests revealed that the percent change in PSE found for CS+ represented an increase compared to baseline (100%) [t (10) = 4.37, p = .001], and the same found for CS− [t (10) = 2.56, p = .028]. This result suggests that in rats infused with muscimol, the PSEs for both the CS+ and CS− were increased relative to baseline. were lower than those for CS−.
Testing Ⅱ
In order to investigate the role of the insular cortex in interval timing per se, we infused muscimol into this bilateral this region of rats performing the bisection task without fear conditioning. Fig. 7 shows the mean p (long) values plotted as a function of signal duration during testing Ⅱ. The psychophysical function was not affected by muscimol infusion. A three-way ANOVA involving the between-subjects variable group (aCSF or muscimol) and the within-subjects variables session (pre infusion, infusion, post infusion) and duration (seven durations) only revealed a significant effect of duration [F (6, 126) = 468.07, 
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(1, 21) = 0.69, p = .505].
Discussion
The purpose of this study was to examine the role of the insular cortex in the effect of fear on interval timing, using a temporal bisection task. The three major findings of the study are: (1) the fear-CS (i.e., CS +) increased the index of the subjective length of time (i.e., the PSE) without changing the index of the sensitivity of timing (i.e., the DL) in rats that underwent aCSF infusion into their insular cortex, (2) the difference in PSE between the fear-CS (i.e., CS+) and the neutral CS (i.e., CS−) was eliminated by generalization of the effect of the fear-CS to the neutral CS with muscimol infusion into the insular cortex, and (3) the same treatment did not affect interval timing per se.
In the current study, the CS+ was expected to evoke conditioned fear. During the last 8.00-s trial of five trials for each CS in differential fear conditioning, rats showed a higher suppression ratio for CS+ than for CS− (Fig. 3) . This result suggests that rats were more active on CS+ trials than on CS− trials the fear-conditioning session. This finding appears to contradict the results of numerous previous studies that have shown that rats usually show freezing behavior upon CS presentation during the fear-conditioning sessions [e.g., 12, 35] . However, numerous studies have shown that the paired presentation of a CS and an aversive US (e.g., a foot shock) induces various fear-like behaviors [e.g., 36]. Indeed, other studies have shown that rats become more active on CS periods compared to preCS periods during the fear-conditioning sessions [37, 38] . Therefore, our findings are consistent with the results of those latter studies [37, 38] . The evidence that the CS+ induced activity rather than freezing behavior may be the result of a startle response to the CS+ onset and/or a kind of defensive behavior to reduce the pain of the foot shock that was detected as movement. Taken together, these findings suggest that a stimulus previously paired with a foot shock (i.e., CS+) effectively evokes conditioned fear.
Our results demonstrate that a fear-CS induces underestimation of interval timing during a temporal bisection task. Namely, we show that the psychophysical function of CS+ shifted toward the right relative to that of CS− in rats infused with aCSF (Fig. 4) . Accordingly, the PSE found for CS+ was higher than that for CS− (Fig. 5A) . The difference in PSE between the CSs in aCSF rats resulted from an increase found for CS+ relative to CS−, because the percent change in the PSE for the CS + represented an increase from baseline, but the PSE for CS− did not show such a increase. However, the DL did not differ between the two CSs (Fig. 5B) . This finding suggests that the duration of a fear-CS is perceived to be shorter than the duration of a neutral CS, which is consistent with the findings of prior studies regarding fear-CSs inducing underestimation of interval timing [8] [9] [10] [11] , and CSs serving to induce an attentional distraction from time [39] [40] [41] . However, the R 2 fitting values were generally good (> .90), and only few omitted trials were observed, suggesting that the fear-CS did not impair performance in the temporal bisection task per se.
The current finding that a fear-CS induces underestimation of interval timing contradicts that of a previous study, which reported that a fear-CS impaired the sensitivity of interval timing in a temporal bisection task [12] . In that study, rats were first trained on a temporal bisection task with a to-be-timed tone. Afterward, a light (CS) was paired with an electric foot shock (US). During testing, the light-CS was presented prior to the to-be-timed tone on half the trials. The authors found that the light-CS flattened the slope of the psychophysical function without changing the PSE, suggesting that fear impaired the sensitivity of interval timing. It is difficult to determine the factors contributing to the difference between these and our results, because there are several methodological differences between the studies. For example, the experimental procedure was different. Faure et al. [12] assessed the effect of fear on timing of a neutral cue. We however assessed the timing of a fear-inducing cue. Taken together, these findings from both studies suggest that when assessing the timing of a fear-inducing cue, the stimulus itself may affect the subjective length of time. Additionally, the intensity of the foot shock used for the fear conditioning differed between the two studies. In Faure et al. [12] , the intensity of the US was 0.8 mA, while it was 0.4 mA in our study. Preliminary data from our laboratory showed that when the foot shock was 0.8 mA, the psychophysical function of the CS+ became flatter than that of CS− (Fig. 6A) . Moreover, the R 2 fitting values for CS+ were lower than that for CS− (Fig. 6B) , suggesting that the 0.8 mA foot shock impaired the sensitivity of timing. The intensity of the US thus seems to be an important factor. Further studies are needed to further elucidate why our findings differed from those of Faure et al. [12] . The insular cortex seems to modulate the effect of fear on interval timing, but it does not seems to be essential for fear-induced underestimation of interval timing per se. At first glance, muscimol infusions into the insular cortex seemed to eliminate the fear-induced underestimation of interval timing: we observed neither a difference in psychophysical functions between CS types (Fig. 4 ) nor in PSE (Fig. 5A) , suggesting an essential role of this region in fear-induced underestimation of timing. It is noteworthy, however, that the PSE of both CS types increased relative to baseline in the rats infused with muscimol, as observed for CS+ in aCSF rats. These results suggest that the effect of the fear-CS on the PSE that was observed in control rats was generalized to the neutral CS in rats with muscimol infused into the insular cortex. In other words, with the inactivation of their insular cortex, rats still underestimated the CS+ duration, but the same time underestimated the CS− duration as well. The observation of the difference between the CS types in aCSF-but not in muscimol-infused rats cannot be attributed to differences in baseline task performance, because both groups performed similarly during the baseline phase of the sevensignal training (Fig. 2) . Taken together, despite of an inactivation of the insular cortex, rats still underestimated the CS+ duration, but they also underestimated the CS− duration. In other words, the effect of fear was intact in rats treated with muscimol, but it generalized from CS+ to the CS−.
Our current findings are in line with known roles of the insular cortex in fear or interval timing under fear elicitation. Intact fear expression after inactivation of the insular cortex is consistent with previous studies that failed to find a necessary role of the insular cortex in the expression of cued-fear conditioning [42] [43] [44] [45] . Our results seems to contradict a previous study showing that the insular cortex is not necessary for discrimination of danger and safety cues [46] . This study [46] , however, investigated the role of the posterior part of the insular cortex, while our study examined the role of the anterior region. Therefore, the anterior insular cortex, but not the posterior region, may be involved in a generalization of fear to safety cues. Moreover, the authors investigated fear discrimination between stimuli of inter-modality stimuli, while we used intra-modality stimuli; both of these factors may be important regarding the differences in the results of the two studies. Moreover, our findings agree with studies in humans. As mentioned in the Introduction, fMRI studies in humans have reported the involvement of the insular cortex in fear-induced modulation of interval timing [22, 23] . More importantly, we provide new evidence for the causal involvement of the insular cortex in generalization of a fear-CS.
The notion that the insular cortex is involved in the fear-modulating effect of interval timing but not in interval timing per se contradicts the findings of a previous fMRI study in humans, which reported that the activity of the anterior insular cortex was increased during the reproduction of a timing task without fear [47] . First, we found no effect of insular cortex inactivation on interval timing per se. When we infused muscimol into the bilateral insular cortex while the rats performed the temporal bisection task without fear conditioning, we found that muscimol had no effect (Fig. 7) , suggesting that the dose we used in the present study (0.11 nmol) did not affect interval timing. We can of course not dismiss the possibility that higher doses of muscimol may affect performance during a temporal bisection task. However, the same dose was sufficient to generalize the effect of a fear-CS to a neutral CS during the task. This suggests that insular cortex inactivation does affect the effect of fear on interval timing, but not interval timing per se. Second, the active role of the insular cortex may depend on the timing task employed, as Wittmann et al. [47] used a temporal production task, while we used a temporal bisection task. Future studies are needed to further investigate these possibilities.
The reciprocal connectivity between the amygdala and the insular cortex may be important in fear modulation of interval timing. In the current study, insular cortex inactivation generalized the effect of a fear-CS on interval timing to a neutral CS. As mentioned in the Introduction, a previous study showed that the inactivation or lesioning of the amygdala eliminated the effect of fear on interval timing [10] . Tracing studies have shown that these structures are reciprocally connected [24, [27] [28] [29] [30] [31] . Another previous study showed that the amygdala is involved in the encoding of outcome values, while the insular cortex is involved in their retrieval [48] . The authors of this study concluded that information about outcome values is transferred from the amygdala to the insular cortex and that this information is necessary for the satiety-induced outcome devaluation to influence the choice between instrumental actions. From the results of the present study, it could be interpreted that the insular cortex is necessary for the optimal retrieval process of the emotional values of CSs during a timing task. This study therefore elucidates the contribution of the insular cortex to tasks other than devaluation tasks.
Although this study did not address the mediating neural pathways through which fear modulates interval timing, we speculate that the connection between the amygdala and/or the insular cortex and the dorsal striatum may underlie the process. First, the dorsal striatum reportedly participates in interval timing; studies have shown that the lesioning or inactivation of the dorsal striatum disrupts a timing task in rats [49] [50] [51] . Second, it has been reported that there is a connection between the insular cortex and the amygdala [24] as well as between the amygdala and the dorsal striatum [52] . Other studies have also posited that this circuit may be important in the effect of fear on interval timing [13, 53] . Future studies need to investigate this possibility.
In summary, this study shows that a fear-CS increased the index of the subjective length of interval timing (i.e., the PSE) during a temporal bisection task. This suggests that duration of a fear-CS is underestimated. Moreover, the effect of the fear-CS was generalized to a neutral CS with inactivation of the insular cortex. In contrast, inactivation of the insular cortex did not affect interval timing per se. These results suggest that the insular cortex is involved in fear-related modulation of interval timing.
Declaration of interest
The authors declare no conflict of interest.
